The UPS performs two essential functions in eukaryotic (UPS) controls the stability of most nuclear and cytocells. It serves as a key controller of gene expression plasmic proteins and is therefore essential for virtually through regulated destruction of critical regulatory proall aspects of cellular function. We have previously teins like cyclins, protein kinases, and transcription factors shown that the UPS is impaired in the presence of (Hershko and Ciechanover, 1998). Also, by recognizing aggregated proteins that become deposited into cytoand selectively degrading misfolded and damaged proplasmic inclusion bodies (IBs). Here, we report that teins, the UPS protects cells against the potentially production of protein aggregates specifically targeted toxic effects of protein aggregation (Hershko and Cieto either the nucleus or cytosol leads to global impairchanover, 1998). The significance of this latter role in ment of UPS function in both cellular compartments neuroprotection is underscored by the discovery that and is independent of sequestration of aggregates into loss-of-function mutations in genes encoding UPS com- nucleus or cytoplasm, and the effective toxicity associated with the presence of these IBs appears to be strongly influenced by the cellular compartment in which
ers, based on the green fluorescent protein (GFP), that
proteasome inhibition on GFP u fluorescence in clonal cell lines stably expressing these constructs (Supplecan be used to monitor the activity of the UPS specifimental Figures S1C and S1D). GFP fluorescence for all cally in the nucleus or the cytoplasm. We have exploited three reporters increased in proportion to proteasome these compartment-specific reporters to investigate the inhibitor concentration (Supplemental Figure S1C) . The nature of the interaction between protein aggregates concentration of inhibitor required to produce 50% of and UPS function. Our data reveal that UPS impairment the maximum fluorescence increase (EC 50 ) for all three associated with protein aggregation is global; UPS funcreporters was 600-900 nM-similar to the previously tion is disrupted in both cytoplasmic and nuclear comreported value of 845 nM for GFP u (Bence et al., 2001). partments irrespective of the compartment to which agComparison of the fractional increase in GFP u fluoresgregation-prone proteins are targeted and in which they cence with fractional inhibition of chymotrypsin-like acaccumulate. Although UPS components, including ubitivity of proteasomes in reporter cell lines chronically quitin, proteasomes, and molecular chaperones, are enexposed to lactacystin revealed that both of the comriched in IB, this enrichment does not lead to significant partment-specific reporters are more sensitive to loss depletion in the trans compartment and cannot, thereof proteasome function, reaching half-maximal fluoresfore, account for UPS impairment. Finally, our data recence at 60%-70% proteasome inhibition, compared to veal that significant UPS impairment occurs prior to the ‫%09ف‬ for noncompartmentalized GFP u (Supplemental coalescence of aggregated protein into IBs, an observa- Figure S1E ). Thus, NES and NLSGFP u are sensitive and tion that supports the hypothesis that sequestration of dynamic in vivo reporters of UPS activity in cytoplasmic aggregates into IBs may be a protective, rather than a and nuclear compartments, respectively. pathogenic, response.
Polyglutamine Aggregation Leads to Impaired UPS Results
Activity in the cis Compartment To determine whether aggregation is associated with Nuclear and Cytoplasmic Compartment-Specific impairment of cytoplasmic UPS function, we measured UPS Reporters GFP fluorescence in NESGFP u cells expressing huntingIn order to assess the effect of nuclear and cytoplasmictin exon 1 containing either a short, nonpathogenic polylocalized protein aggregation on the UPS, we constructed glutamine repeat (HttQ25) or a highly aggregation-prone, compartment-specific variants of our previously described pathogenic repeat (HttQ103) ( Figure 2A no IBs were apparent in cells expressing HttQ25, and constructs were targeted uniquely to the cytoplasm and NESGFP u levels were not significantly different from nucleus by appending the HIV rev nuclear export signal untransfected cells (Figures 2A and 2C ). By contrast, (NES) (Fischer et al., 1995) or the SV40 nuclear localizajuxtanuclear cytoplasmic IB were common in cells extion signal (NLS) (Kalderon et al., 1984) Figure 2C ). Similarly, appending Figures S1A and S1B). Accumulation of both NES and the SV40 large T antigen NLS to HttQ103 caused it to NLSGFP u was not observed in cells exposed to tuniform nuclear inclusions and increased the fluorescence camycin, nocadazole, or brefeldin A, suggesting that it of NLSGFP u to a similar extent to that associated with is a specific response to UPS impairment and not a Atx1Q82 inclusions ( Figure 2C ). secondary response to other types of cell stress (data not shown).
Polyglutamine Aggregation Leads to Impaired UPS To evaluate the utility of NES and NLSGFP u levels as Activity in the trans Compartment indicators of compartment-specific UPS activity in living To determine whether protein aggregates must be physically present within the same compartment in which cells, we used flow cytometry to monitor the effect of UPS impairment occurs, we assessed the effect of exexpression ( Figures 3B and 3C) . Thus, protein aggregation can impair nuclear and cytoplasmic UPS function pression of compartmentally restricted ataxin-1 and Htt on NES and NLSGFP u localized to the trans compartwhen the aggregates accumulate in cis or in trans. ment (Figure 3) Ubiquitylated cyclin N100 was efficiently and rapidly degraded in a dose-dependent fashion by purified rat these cellular components are indeed enriched in IB relative to the surrounding cytoplasm, the extent to liver 26S proteasomes ( Figure 7B ). This degradation was ATP dependent and could be inhibited by addition of which they are actually depleted from other cellular compartments has not been hitherto evaluated. To assess proteasome inhibitors MG132 or lactacystin (data not shown). the extent to which the compartmental distribution of these cellular components is altered by the presence of To evaluate the effect of polyglutamine-containing proteins on proteasome-mediated degradation of Ub nprotein aggregates, we used quantitative image analysis to assess the extent of redistribution of proteasome cyclin N100, we generated a pair of constructs consisting of the N-terminal exon of Htt containing either subunits and molecular chaperones (Figure 6 ). The distribution of the 20S core particle of the proteasome was 18 or 51 Gln residues fused to glutathione S-transferase (GST), with an intervening tobacco etch virus (TEV) promeasured by quantification of intrinsic fluorescence of LMP2-GFP in HT1080 fibrosarcoma cells stably extease cleavage site and a C-terminal S epitope tag. As described by Scherzinger and colleagues (1999), the pressing this construct (Reits et al., 1997) and by immunofluorescence in HEK 293 cells transiently transfected presence of the GST tag maintains both Q18 and Q51 in a soluble form. Upon cleavage of the GST moiety with with nuclear or cytoplasmically localized polyglutamine proteins. No significant alteration of the cytoplasmic/ TEV protease, the Q51, but not the Q18, fragment rapidly formed high molecular weight aggregates, as judged by nuclear distribution of proteasome subunits was detected in cells containing visible polyglutamine nuclear a filter retardation assay (Wanker et al., 1999) ( Figure  7C ). Neither the soluble GST-conjugated Htt fragments or cytoplasmic inclusions (Figures 6B and 6C) . Although immunofluorescence is often not a quantitative technor the released polypeptides had any discernable effect on the degradation of Ub n -cyclin N100, even when nique, we have employed it in this study to assess only like peptidase activity of 26S proteasomes by using the fluorogenic substrate Suc-LLVY-AMC. We did not obogy have remained elusive. One important clue is the discovery that the function of the UPS, which plays a serve any inhibition of substrate degradation in the presence of any class of Q44 peptide aggregates, even when central role in the elimination of potentially toxic misfolded proteins, is impaired by protein aggregates. We they were present at 100-fold molar excess over proteasomes ( Figure 7D) . have investigated nucleocytoplasmic compartmentalization of pathogenic protein aggregates to help elucidate the manner by which aggregated proteins inter-UPS Impairment Is Not the Result of Simple Substrate act-and interfere-with the UPS. Our data establish
Competition or Sequestration of the Fluorescent that UPS impairment by protein aggregates is global UPS Reporters
and that the capacity of the entire cellular UPS is comBecause our results are largely based on the usage of promised by the presence of aggregates that are tightly fluorescent UPS reporters, we sought to address two restricted to either the nuclear or cytoplasmic compartmajor concerns to validate our findings. First, the simment. These data have important implications for underplest possible mechanism for our observation of global standing why aggregates are toxic to cells and the UPS impairment is that overexpressed UPS substrates mechanism of UPS dysfunction in neurodegenerative directly compete for a limiting factor required for prodisease. teasome-dependent proteolysis. To test this possibility, we examined the effect of maximally overexpressing ubiquitin-dependent and ubiquitin-independent protea- , suggest that protein aggregation is inherently toxic irreno effect on NESGFP u fluorescence levels (Supplemental Figure S2 ). Thus, although many misfolded proteins spective of subcellular location. It is possible that the confined region of the nuclear compartment increases are efficient proteasome substrates, UPS impairment appears to be a property unique to aggregation-prone the effective concentration of aggregation-prone proteins thereby accelerating aggregation rate and time to proteins. The simplest interpretation of these data is that UPS impairment is not the consequence of simple pathology. It is also likely that multiple aberrant interactions arising from protein aggregation-including spesubstrate competition. Second, in some cases we observed colocalization of the nuclear or cytoplasmic recific inactivation of transcription factors together with global UPS impairment-dictate overall toxicity. porter with the IBs (Figures 2A and 2B) , suggesting a possible sequestration of our reporters into IB. However, the fraction of NES or NLSGFP u sequestered into incluMechanism of UPS Impairment sions is less than 17% of the total, and we never obby Protein Aggregation served colocalization of either reporter with IBs in the Two possible models could account for the impairment trans compartment (Figure 3) undegraded protein aggregates could initiate caspase mutant were described previously (Illing et al., 2002) . Ornithine decarboxylase-expressing plasmid was received from Phil Coffino activation; one recent study reported that caspase acti-
Relationship of Aggregate Location to Toxicity

